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ABSTRACT
For decades, the borders of building studies were restricted up to the exterior walls. With better understanding the
side effect of urbanization on human health and with excessive progress in new investigation tools, the area of
building studies were enlarged to neighborhood environment where mass and air transport vividly interacts with the
buildings. Unlike the indoor studies, one can emphasize the significance of the stochastic wind in outdoor studies.
To verify the contribution of the wind velocity over/within street canyons/buildings many experimental and
simulation studies have been conducted. These works were mainly designed to observe the relations between wind
flow and natural ventilation, pollution dispersion, pedestrian thermal/wind comfort, and drag resistance of the
buildings. All these efforts continuously proved the significance of vortices caused by upstream wind as they
interact on physical phenomena within the street canyons.
The main drawback of these studies is however not attributed to the extracted results, but the way in which wind, an
inherently transient and stochastic phenomenon, is presented by a steady state consideration as applied through the
boundary conditions. For example, upstream wind in terms of direction and magnitude is widely considered as a
constant and steady state profile induced through the street canyons. Nonetheless, due to the transient and stochastic
nature of encountered wind in the urban environment, these assumptions fail to fully capture the physics of the
problems. Thus, the main point of concern in street canyon modeling should be described as constant and steady
state reflection of stochastic and transient phenomena through the boundary conditions. Although there are existing
studies related to the application of transient boundary conditions, a practical procedure to model the dynamic and
stochastic behavior of wind direction is barely addressed in literature.
In light of the lack of stochastic wind modeling, this study intends to introduce for the first time an approach in order
to generate dynamic wind. This is followed by a brief discussion of existing approaches in urban-scale wind
modeling and their major shortcomings. For this purpose, a computational Fluid dynamics (CFD) model is
developed considering a novel cylindrical computational domain. An analytical and a parametric study have been
also conducted to obtain proper sizes for the domain geometries. Moreover, the advantages of the proposed model
comparing to the traditional approaches are depicted using a case study of cuboids’ array. It is also more feasible to
investigate the dynamic impact of pollution, moisture, and air transport on pedestrian comfort and health. It should
be mentioned that this technique can be applied and expanded to other wind engineering subject areas.

1. INTRODUCTION
For decades airflow modeling was the subject of many fundamental, theoretical, and experimental studies as it
interact a broad range of engineering problem. Beyond traditional models, Navier-Stokes (NS) equation was
proposed as the most accurate fluid dynamics model. However, its applications and validities were limited to very
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simplified case studies for a long period due to complexity of these equations. After excessive development of
computational tools, computational fluid dynamics (CFD) was implemented to a large spectrum of problems from
micro-scale to meso-scale. These techniques were also responding to many wind engineering demands.
One of the main applications of airflow modeling is in building energy simulation (BES). At the beginning, it was as
paramount of importance to calculate convective heat transfer from external skin of a building. The knowledge of
the heat transfer coefficient is essential to calculate the heat balance of a building in order to simulate the energy
consumption, as well as cooling and heating loads (Allegrini et al., 2012). The heat transfer around the building was
conventionally approximated with empirical correlations (ASHRAE, 2010). This means that the complex heat
transfer between walls and wind is mainly simplified with a heat transfer between a node on each wall and a
reference node in the street canyon. Obviously, a huge discrepancy in convective heat transport is reported due to
this idealistic assumption.
With the progress in CFD techniques, it was feasible to obtain the heat transfer coefficient with much higher
accuracy by including the exterior volume of the buildings, street canyons, in the transport equations. Beyond the
application of wind engineering in BES, CFD also emerged as a powerful tool to resolve the transport phenomena in
other subjects of urban neighborhood studies. This includes urban heat island mitigation and prediction studies
(Mirzaei and Haghighat, 2010a; Mirzaei et al., 2012; Santamouris et al., 2008), natural and/or mechanical
improvement of HVAC systems (Allegrini et al.; Defraeye and Carmeliet, 2010; Mirzaei and Haghighat, 2010b;
Mochida et al., 2006; Moonen et al., 2011), pedestrian thermal and wind comfort (Blocken et al., 2012; Kato and
Huang, 2009; Mochida and Lun, 2008; Tseliou et al., 2010), and pollution dispersion (Gallagher et al., 2012;
Haghighat and Mirzaei, 2011; Kwak and Baik, 2012; Mirzaei and Haghighat, 2011; Mirzaei and Haghighat, 2012;
Salim et al., 2011; Tominaga and Stathopoulos, 2011). Moreover, one should add the extensive and ongoing works
being performed to analyze the drag effect on buildings for the structural design purposes.
Despite the above mentioned research, the stochastic behavior of wind in urban-scale studies is barely addressed.
Instead, wind is mainly assumed in its prevailing condition with a constant magnitude and direction. Moreover,
efforts have been conducted to generate the geometry and mesh based on one desired direction which could produce
inaccurate results for other directions. Creation of several geometries and meshes for different orientations was also
a solution to overcome discussed drawbacks (Mirzaei and Haghighat, 2012; Solazzo et al., 2011) while intensive
time and effort is required for preparation of these several meshes and geometries. Furthermore, there would be a
considerable discrepancy when it is intended to transfer data from one domain to another as the shape and place of
cells changes in each domain. Therefore, it can be concluded that the mentioned domain preparation techniques are
not accurate enough especially in buoyant flow when the temperature distribution of the street canyon surfaces (i.e.
ground, walls, and roofs) is significantly affected by stochastic wind rather than a wind with constant velocity and
magnitude.
The aim of this research is therefore to propose an approach in order to model dynamical behavior of wind in CFD
simulations. A brief overview of the existing approaches to model wind flow is provided in the next section. Then, a
novel cylindrical domain approach is explained to model the stochastic wind. Consideration on geometry generation
of the cylindrical domain as well as its unstructured-structured curvilinear grid is further described. Performance of
the proposed domain in comparison with a commonly used domain, i.e. a rectangular domain with structured
rectilinear grid, is further investigated.

2. APPROACHES TO MODEL STOCHASTIC WIND
Various simulation and experimental approaches have been conducted to represent the direction and magnitude
variation of wind. As shown in Figure 1a, rectangular domains are commonly used domain in urban-scale studies.
Wind is mainly simulated with a constant in time magnitude or profile (Buccolieri et al., 2011; Chavez et al., 2011;
Gallagher et al., 2012; Gousseau et al., 2011; Karava et al., 2011; Kwak and Baik, 2012; Tominaga and
Stathopoulos, 2011), entering from upstream, counteracting studied objects, and exiting the domain towards
downstream. Many parametric studies have been reported to obtain corresponding lengths
to
in order to
minimize the influence of domain geometry on simulation results following by wind tunnel experiment to validate
the outcomes (Tominaga et al., 2008). Beyond geometry considerations, grid type and structure were also
extensively examined for rectangular domains (Tominaga et al., 2008). Hefny and Ooka (2009) studied and
approved the effectiveness of hexahedral meshes comparing to tetrahedral meshes despite the considerable time and
efforts required to prepare such domains.
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Figure 1: (a) Rectangular domain – parallel flow (b) rectangular domain – oblique flow (c) Proposed cylindrical
domain
In many 2D and 3D studies, such as flow over long street canyon, the worst scenario in which the wind direction is
perpendicular to the inflow plane, is assumed as the investigation case. However, this would be an idealistic
assumption when the studied object has a 3D geometry or the influence of the oblique wind above the object is also
frequent and significant. To overcome this shortcoming, the concept of “frequency of occurrence” is used (Mirzaei
and Haghighat, 2012; Mirzaei and Rad, 2012; Solazzo et al., 2011). The magnitude of the approaching wind is
therefore simplified with limited numbers according to the existing prevailing and frequent winds on the
investigated area. For example, Mirzaei and Haghighat (2012) discreted Montreal wind rose to three directions (i.e.
0°, 45°, & 90°) and three magnitudes (i.e. 1, 3, and 7 m/s). In frequency of occurrence technique, wind rose is
analyzed to obtain the probability of each wind direction and magnitude with certain accuracy. For example, the
illustrated wind rose in Figure 2 can be divided into eight directions (e.g. 0°-45°, 45°-90°, 90°-135°, 135°-180°,
180°-225°, 225°-270°, 270°-315°, & 315°-0°) and six magnitudes (e.g. 0-1 m/s, 1-2 m/s, 2-3 m/s, 3-4 m/s, 4-5 m/s,
and 5-6 m/s). Thus, it is possible to model the stochastic wind with the creation of eight different rectangular
domains by eight times rotation of the objects in each domain. Then, six simulations have to be conducted in each
domain in order to cover different range of the wind velocity.

Figure 2: Percentage of Zurich annual wind direction distribution for discreted Zurich wind to eight directions (e.g.
0°-45°, 45°-90°, 90°-135°, 135°-180°, 180°-225°, 225°-270°, 270°-315°, & 315°-0°), and six magnitudes (e.g. 0-1
m/s, 1-2 m/s, 2-3 m/s, 3-4 m/s, 4-5 m/s, & 5-6 m/s) [source: FOEN/NABEL]
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The limitations of the rectangular domain to model the stochastic wind are related to first the number of generated
meshes (e.g. eights meshes are required for Fig. 1). Moreover, when the ground and walls are not in isothermal
condition, for instance in existence of radiation and other heat fluxes, interpolation for data transfer from one
domain to another will results in a significant inaccuracy, knowing that the type and size of cells on walls and
ground would not be identical in all created domains.
As shown in Figure 1b, allocation of two lateral planes of rectangular domain to inflow and another two to outflow
boundary condition is employed to represent oblique wind (Bady et al., 2011; Moonen et al., 2011). Therefore, two
planes perform as inflow by applying horizontal components of velocity to them while two other planes are assigned
as outflow. Evidently, there is a need for specific treatment of domain length to avoid geometry interference when
the wind is too oblique. In other words, the domain must be ideally a square if the wind direction varies in the range
between 0° to 360°. Bady et al. (2011) have similarly generated several meshes to simulate multi-direction wind. In
their approach, dimensions of wind environment, geometry and grids have been varied around the arrays of building
due to wind direction in order to avoid the interference of the computational domain. Similar to the presented
methods, this approach requires obviously several mesh generations with specific considerations for each
computational domain. In another technique, the study region is built as a cylindrical domain encountered by
another rectangular domain (Blocken et al., 2012; Solazzo et al., 2011). Every wind direction is then modeled with
rotation of the inner cylindrical domain. The drawback of this technique, however, can be addressed as connectivity
of cells in the interface between inner and outer domains. In addition, each simulation occurs in a particular domain
and still several meshes have to be separately generated.

3. PROPOSED CYLINDRICAL DOMAIN
To impose the dynamic impact of wind velocity, it is important to reach a directionally independent domain in order
to reduce the impact of geometry on results. As mentioned above, a series of widely accepted consideration are
presented in various CFD simulation guidelines such as (Tominaga et al., 2008). However, these considerations
should be somehow adapted to the multi-directional nature of wind. As presented in Figure 1c, a cylindrical domain
is proposed in this paper to diminish the influence of geometry on the CFD result. The proposed domain consists of
three regions, including objects, lateral, and fetch. The object region is a circular area with radius of “r” appointed to
the largest circle that can inscribe the studied objects. The lateral region is also a circular area with a radius greater
than “r+aH” where it is widely recommended to keep a>5. Finally, the fetch region represents another circular area
with a radius equal to a necessary length after which the impact of geometry bounds on CFD results is negligible.
This length is mainly suggested to be greater than R`=15H. Unlike rectangular domains which have fixed inflow and
outflow boundaries, the place of inflow and outflow boundary conditions within the cylindrical domains can alter
due to the direction of wind in each time step (see Figure 3). This technique therefore reduces the number of
required geometries and meshes. Moreover, it reduces the possible inaccuracy due to data loss between domains as
only one mesh is generated. As a major advantage, the development of the curvilinear grids in more details is also
explained in the following section.

4. RESULTS: THE ADVANTAGES OF THE CYLINDRICAL DOMAIN
4.1 Case study
To examine the performance of the proposed cylindrical domain, a case study similar to Case C of (Architectural
Institute of Japan) AIJ (Tominaga et al., 2008) is investigated. As depicted in Figure 3, this case represents a 3×3
array of identical cubes. Dimensions of each cube is H=W=L=0.2 m considering a distance equal to H=0.2 m
between each cube in xy-plane. Further, the presented rules in the previous section are applied to build the
rectangular and cylindrical domains as shown in Table 1. The final dimensions are also provided in this table.
First a rectangular domain of 3.5m×3.5m is created; (x,y,z) = (3.5 m,3.5 m, 1.2 m). Then, a cylindrical domain with
radius of 5m is created; (r,z) = (5 m, 1.2 m) while it can literally inscribe the rectangular domain. Both domains have
height of 1.2 m in z-direction since it is not an effective parameter in modeling stochastic wind.
The created domain and the considered boundary conditions to simulate the oblique wind are demonstrated in Figure
3. Treatment of other boundary conditions (i.e. top surface, lateral, ground, and cuboids’ walls) is also addressed in
Table 2. The profiles for velocity inflow, turbulent kinetic energy, and dissipation rate are provided in (Tominaga et
al., 2008). Furthermore, no-slip condition for walls as well as symmetric condition for top surface to model
geostrophic wind is broadly used in literature.
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Figure 3: Study domain for (a) structured rectilinear grid with parallel flow (b) structured rectilinear grid with
oblique flow (c & d) unstructured-structured curvilinear grid for multi-directional flow (blue and red planes are
inflow and outflow boundaries, respectively)
Table 1: Parameters for generation of rectangular and cylindrical domains
H=W=L=0.20 m
0.707m

4.2 Grid Generation
The performance of rectilinear grid in rectangular domains is extensively reported in previous studies (Bady et al.,
2011; Chavez et al., 2011; Moonen et al., 2011; Saha et al., 2011). In these meshes, the hexahedral grids are denser
close to the objects while their size is exponentially reduced adjacent to the exterior bounds of the domain. The main
reason of using this technique is to reduce the number of cells and consequently computational load. Obviously, it is
CPU and time intensive to generate fine cells in the entire domain, specifically when the amount of cells is huge due
to the existence of a boundary layer, which has to adequately resolve the impact of wall on the flow field.
The main aim of the proposed cylindrical domain is to provide a mesh with a minimum of impact on the CFD results
in various flow directions (Figure 4). The hexahedral unstructured curvilinear grids and unstructured grids are
respectively employed to pave the region I and II; The region I for the cylindrical domain is defined as the area of
the inscribed circle in the vicinity of the cuboids with radius of 1m; This region for the rectangular domain is
assumed as the area of an inscribed square in the vicinity of the cuboids with length of 1.77m; The area excluding
region I for both domains is defined as region II. The number of cells in each region is presented in Table 2.
In order to compare rectangular and cylindrical meshes, cell characteristics in region I and II are preserved in a
narrow range. As shown in Table 2, the number of cells in xy-plane (ground level) for the rectangular and
cylindrical domain is respectively 36,400 and 35,744. To expect similar mesh quality in the vicinity of cuboids the
mesh ratio (area/number of cells) of region I in both rectangular and cylindrical computational domains is within a
narrow range (76.4
–77.8
). Moreover, the number of cells along each length of the cuboids is equal to
25. Furthermore, the length of the boundary layer in the first row is similar for both cases and equal to 0.2 mm.
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Figure 4: (a & b) structured rectilinear grid (c & d) unstructured-structured curvilinear grid
Table 2: Cell characteristics of cylindrical and rectangular domains
Domain
Number of cells
Number of cells in region I
Number of cells in region II
Area of region I
Area of region II
)
Mesh ratio of region I ( / number of cells)
Mesh ratio of region II ( / number of cells)
Min. cells’ volume ( )
Max. cells’ Aspect Ratio
Number of Cuboids’ cells (
)
Length of boundary layer first row (mm)
Top surface B.C.
Lateral B.C.
Ground B.C.
Cuboids’ Walls

Cylindrical
2,139,335
35,774
15,600
2.782
75.39
77.8
48.3
9.92
2.114
25×25×25
0.2
Symmetric
No-slip
No-slip
No-slip

Rectangular
2,068,375
36,400
13,200
2.782
45.85
76.4
34.7
7.99
4.006
25×25×25
0.2
Symmetric
No-slip
No-slip
No-slip

4.3 Computational Domain
The Reynolds-averaged Navier-Stokes (RANS) is selected as the governing equation of air transport. Moreover, ReNormalization Group (RNG)
model is employed as turbulent scheme (Choudhury, 1993). The mentioned
equations are solved using the commercial software FLUENT (Fluent 2012). The treatment of walls is the enhanced
approach, in which the finer mesh is capable to resolve the laminar sub layer as well as the turbulent region. It is
noteworthy to mention that this scheme requires refined cells close to the walls. Therefore, a boundary layer (B.L.)
is generated close to the ground and walls in order to resolve near wall effect by obtaining all surfaces’
(Kader, 1981). Furthermore, second-order upwind is applied as discretization scheme for the momentum equation.
The iterations have been continued until reaching residuals of less than
for continuity, velocity components,
and equations. SIMPLE algorithm has been also performed as numerical procedure to solve the NS equation.

4.4 Validation
As shown in Figure 5, the velocity is measured in 120 points where the approaching flow varies in three directions:
0°, 22.5°, and 45° (Tominaga et al. 2008). The measurement points are also set to be 0.002m above the ground. The
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inflow velocity and turbulence intensity as well as dimension of the wind tunnel are provided in Tominaga et al.
(2008). The rectangular and cylindrical computational domains as defined above are used to simulate the wind
tunnel experiment. In the rectangular domain, a single inflow plane (see Fig. 3a) is used to provide parallel flow of
0°, whereas two perpendicular inflow planes (see Fig. 3b) are employed to generate oblique flows of 22.5° and 45°.
On the other hand, for the cylindrical domain, these flows (i.e. 0°, 22.5°, and 45°) are created by changing the place
of inflow and outflow planes as illustrated in Figure 3c and 3d.

Figure 5: Top view of measured points located 0.002m above the ground (Tominaga et al., 2008)
Table 3: Mean and maximum discrepancy of velocity between rectangular/cylindrical domain CFD simulation and
wind tunnel experiment
Flow Angle
Domain Type
Mean
(%)
Maximum (%)

0°
Rectangular
37.5
97.9

Cylindrical
22.3
62.3

22.5°
Rectangular
21.8
72.7

Cylindrical
16.4
61.8

45°
Rectangular
26.5
56.6

Cylindrical
15.6
53.1

As discussed before the mesh quality is similar in the study region close to the cuboids. The results of parallel and
oblique flow for both rectangular and cylindrical computational domains are compared in Figure 6. As it can be seen
in Table 3, there exists a considerable difference in accuracy of the different grids. Astonishingly, the rectangular
domain with rectilinear grid has a higher discrepancy when the flow direction varies: the mean error for 0°, 22.5°,
and 45° of wind direction is 37.5%, 21.8%, and 26.5%, respectively. This means that the rectilinear domain may not
similarly perform in various wind directions as the discrepancy can vary up to 15.7%. Even though the fluctuations
in discrepancy can be also monitored in cylindrical domain with curvilinear grid, the maximum difference in
discrepancy percentage is much lower; here about 6.7%. Furthermore, the averaged accuracy of cylindrical domain
in 0°, 22.5°, and 45° of wind direction is 18.1% which is lower in comparison with rectangular domain 28.6%. In
general, it can be concluded that with similar number of cells and mesh quality around the studied cuboids, the
cylindrical domain performs much better. Obviously, both cylindrical and cuboids CFD over-predict the flow in 0°
angle flow. Where the cuboid domain under-predict the flow in 22.5° and 45°, cylindrical domain exhibits less
discrepancy comparing to the experiment.

4.5 Impact of Inflow Size
In this section, a parametric study is performed to understand the proper size of the inlet (S) in the cylindrical
domain (see Fig. 1c). Thus, different sizes of the inlet B.C. are examined by alteration of the inlet angle. This
includes 60°, 90°, 120°, 150°, and 180°. The study is also conducted when the approaching flow has a 0° direction.
It is important for inlet size to not enter the lateral region (see Fig. 1c) as it should lay behind the sketched line.
Figure 6d demonstrates how results alter according to the various inlet sizes. It can be seen from Figure 7 that the
discrepancy is increased when inlet size is exceeding the lateral region or inlet angle is greater than 120°. In
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Figure 6: Comparison of CFD results for rectangular (cross) and cylindrical (plus) computational domains with
wind tunnel experiment (dot) for approaching flow angle of (a) 0° (b) 22.5° (c) 45° (d) average discrepancy of the
results for different inlet angles
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Figure 7: Comparison of CFD results for cylindrical computational domains with wind tunnel experiment for
different inlet angles
Table 4: Mean and maximum discrepancy of velocity between CFD simulation and wind tunnel experiment for
various inlet angles of cylindrical domain
Inlet Angle
60°
90°
120°
150°
180°
20.7
21.2
22.3
22.4
Mean
(%) 26.5
55.0
59.1
62.3
61.2
Maximum (%) 67.1
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CFD results are also compared to the experiment for all inlet sizes. 90° inlet provides respectively the least mean
and maximum errors of 20.7% and 55.0% (see Table 4). As mentioned above, these errors growth with increase or
decrease in the inlet angle. However, it is observed that the required convergence time is increased when inlet size is
decreased. This justify using 150° for the inlet B.C as the discrepancy is not considerably varied from 90°.

CONCLUSION
Pollution dispersion, heat island investigations, indoor and outdoor comfort, air quality, and building energy
simulation are dealing with wind flow across the urban area. However, current computational domains have a
weakness in well generation of the dynamical behavior of wind. Therefore, a novel cylindrical computational
domain approach is proposed in this paper. The advantages of such domain is claimed to be in the integration of
several directions and magnitudes of the stochastic wind in one domain. Moreover, in this study the effectiveness of
curvilinear structured-unstructured grids are compared to the traditional rectilinear structured domains. Adjusting
two computational domains with similar characteristics such as boundary layer thickness, cell numbers, cell density,
and number of cells on cuboids’ surfaces, the results demonstrate up to 15.2% better accuracy for the cylindrical
domain with respect to different inclinations of wind. In future, the performance of the proposed computational
domain will be examined reproducing non-isothermal condition. This implies that wind, relative humidity,
temperature and other transport mechanism (e.g. pollution) can be also integrated in the calculations. Furthermore, it
is feasible to couple short-wave and long-wave radiation models to induce temperature distribution on the skin of
urban-areas. Soil models can also be integrated in order to include the impact of street canyon stratification. It is
noteworthy to mention that this technique can be applied and expanded to other wind engineering subject areas.
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